The synthesis of cysteine is positioned at a decisive stage of assimilatory sulphate reduction, marking the fixation of inorganic sulphide into a carbon skeleton. O-acetylserine (thiol) lyase (OAS-TL) catalyses the reaction of inorganic sulphide with O-acetylserine (OAS). Despite its prominent position in the pathway OAS-TL is generally regarded as a non-limiting enzyme without regulatory function, due to low substrate affinities and semi-constitutive expression patterns. To resolve this apparent contradiction, the kinetic properties of three OAS-TLs from Arabidopsis thaliana, localized in the cytosol (A), plastids (B), and mitochondria (C), were analysed. The recombinant expressed OAS-TLs were purified to apparent homogeneity without any fusion tag to maintain their native forms. The proteins displayed high specific activities of 550-900 lmol min 21 mg
Introduction
The integration of reduced sulphur into the amino acid cysteine is a central step in the assimilation of inorganic sulphur. In plants, as in bacteria, the reaction is catalysed by O-acetylserine (thiol) lyase (OAS-TL; EC 2.5.1.47; also named cysteine synthase) and requires two substrates: (1) free sulphide, provided by the sulphate reduction pathway, and (2) O-acetylserine (OAS), an energetically activated derivative of serine that is metabolically unique to cysteine synthesis. OAS is generated by serine acetyltransferase (SAT; EC 2.3.1.30) in a reaction catalysed from serine and acetyl coenzyme A (Kredich, 1996; Hell et al., 2002; Droux, 2004) . The synthesis of cysteine is formally comparable to the fixation of ammonia during inorganic nitrogen assimilation. The synthesis of glutamine from ammonia and glutamate is catalysed by glutamine synthetase (EC 6.3.1.2) as part of the glutamine/2-oxoglutarate cycle. The metabolic flux rate of this reaction in plants is highly regulated at various levels of glutamine synthetase expression, including transcription, post-transcription, and post-translation (Cren and Hirel, 1999) . Glutamine synthetase activity is encoded by genes for isoforms with plastid and cytosolic localization. Distinct functions for these compartment-specific isoforms are revealed by differential RNA expression patterns with respect to plant organ and tissue, nitrogen nutrition, photosynthetic conditions, and stress (Cren and Hirel, 1999; Brugière et al., 1999) .
Similar regulatory properties can be expected from OAS-TL in plants due to the integral position of the catalysed reaction between assimilatory sulphate reduction and the branching point of pathways that lead to the array of organic compounds containing reduced sulphur (reviewed by Leustek et al., 2000; Hell et al., 2002; Droux, 2004) . Surprisingly, however, no significant regulation of this step is known from higher plants. The genes encoding isoforms of OAS-TL proteins are more or less ubiquitously expressed in all plant organ cell types analysed so far with little variation of contents of RNA, protein, and extractable enzyme activity in response to external factors (Brunold, 1990; Hell et al., 1994; Hesse et al., 1999; DominguezSolis et al., 2001; . OAS-TL activity has not only been found in plastids as the site of sulphate reduction, but also in the cytosol and mitochondria (Lunn et al., 1990; Rolland et al., 1992) . When assayed at substrate-saturated conditions (i.e. V max ), the activities of all these compartment-specific isoforms are generally orders of magnitude higher than necessary to explain the observed rates of sulphate assimilation. The presumed cellular concentrations of the substrates sulphide and OAS are generally well below the affinities of OAS-TLs and, therefore, should limit cysteine synthesis in vivo (reviewed in Schmidt and Jäger, 1992) . Nevertheless, these findings together with feeding studies using H 2 S led to the general assumption that OAS-TL had no limiting role in flux regulation (De Kok et al., 2000; Schmidt and Jäger, 1992) , but left the open question of an enzyme at a crucial position in one of the primary macronutrient assimilation pathways with highly inefficient substrate affinities and apparently no other regulatory properties.
Detailed analyses of OAS-TL at the regulatory, biochemical, and structural level are available from enterobacteria (Kredich, 1996) . OAS-TL in Salmonella typhimurium and Escherichia coli is encoded by two structurally related genes, cysK and cysM, which are subjected to regulation by the cys-regulon. Under aerobic growth conditions and sulphate supply cysK is predominantly expressed, while anaerobic conditions and thiosulphate availability favour cysM expression. As outlined by Kredich (1996) , the cysE gene encoding SAT is the only constitutively expressed gene of the cys-regulon. If the generation of sulphide declines, for example, because of lack of sulphate, the SAT reaction product OAS starts to accumulate. OAS converts chemically into N-acetylserine (NAS) at physiological pH. Subsequently, NAS binds to the transcription factor CysB which now recognizes the operator regions of the cysregulon, thus activating sulphate uptake and assimilation genes. Repression of the regulon is carried out by cysteine which feedback inhibits SAT efficiently (K i 1 lM) and thus keeping OAS at low concentrations in the cell (Kredich, 1996) .
The enzymatic pathway of cysteine synthesis has been characterized by the pioneering work of Kredich and colleagues (see Kredich, 1996 , for a review). Kredich et al. (1969) provided the first enzymatic data for SAT and OAS-TL as free homomers and also bound in the heterooligomeric cysteine synthase complex. They revealed equal substrate affinities of SAT in the complex compared with the homomer, but lower affinities for sulphide and OAS for bound OAS-TL, effectively resulting in partial inactivation compared with free OAS-TL dimers. Accordingly, the earlier hypothesis of substrate channelling of OAS from SAT to OAS-TL within the complex was shown to be unlikely by Cook and Wedding (1977) . Since OAS-TL is much less active in the complex, the intermediate OAS readily leaves the complex. In addition, OAS was shown to dissociate the complex, whereas sulphide stabilized it in vitro Cook and Wedding, 1977) . These findings were largely confirmed for OAS-TL in the plant cysteine synthase complex, where SAT became more affined to its substrates and OAS-TL almost inactivated in the complex, causing OAS to leave the complex (Droux et al., 1998) .
Detailed kinetic analysis of unbound OAS-TL from S. typhimurium revealed a bi-bi ping-pong reaction mechanism. OAS binds first to form an a-aminoacrylate in Schiff base with pyridoxal phosphate, indicating a b-elimination of the acetyl moiety. Subsequently, sulphide binds to the enzyme, probably as HS ÿ , to undergo a nucleophilic attack of the a-aminoacrylate. The first half-reaction has a constant of 1.6310 ÿ3 M, while the second half-reaction is irreversible, rendering the formation of the a-aminoacrylate as limiting for the overall reaction. The reaction follows Michaelis-Menten kinetics and shows no co-operativity for either substrate or one of the two catalytic centres on the homodimer (Cook and Wedding, 1976; Tai et al., 1993 Tai et al., , 1995 Woehl et al., 1996) . These findings are corroborated by the three-dimensional structure of OAS-TL from S. typhimurium (Burkhard et al., 1998) . Both N-and C-terminus are involved in the formation of the functional homodimer, while the interaction site with SAT is still unknown. Binding of OAS induces a strong conformational shift of the dimer, allowing only small molecules like sulphide to access the catalytic centres of the dimer subunits. A putative allosteric binding site for an anion, possibly HS ÿ , has been identified, but still needs confirmation (Burkhard et al., 1999 (Burkhard et al., , 2000 Tai et al., 2001) . It is interesting to note in this context that protein sequences of the three OAS-TLs from A. thaliana are sufficiently similar to CysK to predict three-dimensional structures with high reliability (M Wirtz and R Hell, unpublished data), using computer modelling with Swissprot software (http://swissmodel.expasy.org; Peitsch, 1995; Schwede et al., 2003) .
By comparison, relatively little is known about plant OAS-TLs due to the presence of several compartmentspecific isoforms with varying substrate specificities. At the genomic level the best investigated plant is A. thaliana which contains at least nine OAS-TL-like genes. The locus identification of these genes and the names of the encoded proteins are presented in Fig. 1 , which demonstrates the amino acid sequence relationship of this group. The mainly expressed genes encode the cytosolic (A1), plastid (B), and mitochondrial (C) isoforms (Hell et al., 1994; Hesse et al., 1999; Jost et al., 2000) . Another member (AtcysC1) encodes a mitochondrial b-cyano-alanine synthase that catalyses the detoxification of cyanide with cysteine, forming b-cyano-alanine and sulphide (Hatzfeld et al., 2000) . The other family members in A. thaliana are much less characterized (Yamaguchi et al., 2000) . OAS-TLs and b-cyano-alanine synthase carry out both reactions, however, with different substrate affinities and efficiencies, enabling kinetic discrimination of the physiological function (Burandt et al., 2002; Jost et al., 2000; Warrilow and Hawkesford, 2000) . In addition, the situation can be different in other plants. Spinach contains cytosolic and plastid OAS-TL activities, but only mitochondrial b-cyanoalanine synthase activity (Warrilow and Hawkesford, 2000) , while b-cyano-alanine synthase activity is present in the cytosol and mitochondria of tobacco (Liang and Li, 2001) . Various substrates are also accepted, such as azide (Rosichan et al., 1983) or pyrazole (Ikegami et al., 1988) , which led to the nomenclature term of b-alanine substituted synthases (Hatzfeld et al., 2000) . With respect to cysteine synthesis the available kinetic data vary widely (Bertagnolli and Wedding, 1977; Kuske et al., 1994; Yamaguchi et al., 2000) . The best characterized OAS-TLs are spinach isoenzymes from plastids and the cytosol Rolland et al., 1996; Warrilow and Hawkesford 1998 . Substrate affinities range from 0.3 mM to 8 mM for OAS and from 33 lM to >1 mM for sulphide. Reaction kinetics are described according to MichaelisMenten, as well as to the Hill equation, with either no, positive or negative co-operativity for both substrates. While it should be cautioned that these divergent values are derived from different isoforms of several plant species with highly variable specific activities depending on the preparation method, these discrepancies make an assessment of the physiological role of OAS-TL in sulphur metabolism difficult.
Recently, the cysteine synthase complex has been suggested as the centre of a cellular-metabolite-sensing model based on the association and dissociation of SAT and OAS-TL (Hell and Hillebrand, 2001; Hell et al., 2002; Droux, 2003) . According to kinetic analyses, SAT is more or only active in the complex, while OAS-TL is basically inactive in association with SAT and only forms cysteine as a free dimer (Droux et al., 1998) . Because SAT activity is always ratelimiting compared with OAS-TL activity (Nakamura and Tamura, 1990; Droux et al., 1998) , the amount of SAT protein bound to OAS-TL in the complex determines the rate of OAS formation and, ultimately, of cysteine synthesis. The equilibrium constant and equilibrium rate constant of complex association are governed by OAS concentrations (K OAS d 50-80 lM; Berkowitz et al., 2002) . Increases of OAS concentrations are predicted to be a result of sulphide shortage in the cell, while sulphide availability (as a result of sufficient sulphate supply) keeps OAS concentrations low via the activity of free OAS-TL dimers. Importantly, OAS is known to induce genes of sulphate transport and reduction, making more sulphide available for the cell. In essence, the reversible protein-protein interaction of the subunits SAT and OAS-TL of the complex acts as a sensor for sulphide, using OAS and probably also cysteine as a trigger Droux, 2003) . In this model the inactive state of OAS-TL is required to activate SAT and to release OAS from the cysteine synthase complex while the active state finally catalyses cysteine formation. However, it is unclear how the currently known low affinities of free OAS-TL dimers from plants for sulphide and OAS fit into such a process and whether significant differences between OAS-TL isoforms exist in that respect.
The purpose of this study is a precise assessment of kinetic properties of the three major compartment-specific isoforms of OAS-TL from A. thaliana with emphasis on the potential regulatory function. New refined enzymatic assay techniques were applied to highly active recombinant proteins that were purified to apparent homogeneity as their native mature polypeptides without fusion tags, using conventional column chromatography. The findings suggest much lower K m values for sulphide than previously known and a regulatory function of OAS-TL activity based on K 
Materials and methods

Construction of expression plasmids
Three cDNAs (X80376, X80377, and 271727) encoding for cytosolic (A), plastid (B), and mitochondrial (C) OAS-TL isoforms were cloned into NcoI and BamHI restriction sites of the expression plasmid pET3d (Novagen). The desired restriction endonuclease sites were introduced during amplification of cDNAs via PCR. Primer pairs OAS-B (B1: CCATGGCTGTATCTATCAAGCCAGAAG, B2: GGATCCTCAAAGCTCGGGCTGCATTTG) and OAS-C (C1: CCATGGCTGTTAAGCGCGAGACTG, C2: GGATCCTCA-TACCTCAGGCTGATC) were used to amplify 1074 and 996 bp DNA fragments for OAS-TL B and C, respectively, coding for open reading frames of mature OAS-TLs without transit peptides in E. coli. The entire open reading frame of OAS-TL A (969 bp) was amplified using primer A1 (CCATGGCCTCGAGAATTGCTAAAGATG) and A2 (GGATCCTCAAGCCTCGAAGGTCATGGC). All cloning steps were performed using XL1-Blue bacteria (Stratagene), whereas over-expression of OAS-TL protein was carried out with E. coli strain HMS 174 (DE3) (Novagen).
Expression and purification of O-acetylserine (thiol) lyase Recombinant OAS-TL isoforms from A. thaliana were purified without affinity tag after optimization of the method described in Rolland et al. (1996) for a recombinant plastid spinach isoform. Bacterial strains were grown at 37 8C in 200 ml of Luria-Bertiani medium (1% (w/v) trypton, 0.5 (w/v) yeast extract, and 1% (w/v) NaCl) supplemented with 100 lg ml ÿ1 ampicillin, 10 lM pyridoxine, and 15 lM thiamine. At an optical density of 0.8, expression of recombinant proteins was induced by adding 1 mM isopropyl bthiogalactopyranoside. Cells were grown for an additional 4 h and harvested by centrifugation for 15 min at 6000 g. The bacteria collected were resuspended in buffer A (10 mM TRIS-HCl pH 7.5, 1 mM dithio-DL-threitol (DTT), 1 mM phenylmethanesulphonyl fluoride) and disrupted by sonication. After centrifugation at 4 8C and 48 000 g for 15 min the soluble bacterial protein of the supernatant was subjected to ammonium sulphate precipitation (30-70%). The resulting precipitate (;200 mg protein) was dissolved in buffer A and desalted via a Hiprep TM 26/10 column (Amersham Biosciences) equilibrated in buffer A. All following purification steps were carried out at 1 ml min ÿ1 flow rate. The protein extract was loaded on a Fractogelä EMD DEAE (M) XK 16 column (50 ml) connected to a Pharmacia FPLC System. Unspecific bound proteins were washed with 40 ml buffer A, whereas OAS-TL was eluted by applying a linear gradient up to 30% buffer B (10 mM TRIS-HCl pH 7.5, 1 mM EDTA, and 1 M NaCl) in 60 min. OAS-TL C eluted at 10 mM NaCl, while isoforms A and B eluted between 20 and 40 mM NaCl. Fractions with OAS-TL activity were pooled, desalted as described above, and loaded on a Matrexä Green A XK 16 column (45 ml), which was previously equilibrated in buffer A. The proteins were eluted by applying an isocratic flow of 40 ml buffer A followed by a linear gradient of 50% buffer B in 60 min. While OAS-TL C was apparently pure after chromatography with Green A medium, OAS-TL A and B were further purified by hydrophobic interaction chromatography. Fractions containing OAS-TL A and B were adjusted with solid sodium chloride up to 2 M and loaded onto a HiLoadä 26/10 Phenyl Sepharose High Performance column (Amersham Biosciences), equilibrated in buffer C (10 mM TRIS-HCl pH 7.5, 1 mM EDTA, and 2 M NaCl). After washing with 100 ml buffer C and 50% buffer A, proteins were eluted by applying a 100 ml linear gradient from 50% to 100% buffer A. The pure OAS-TL isoforms were desalted and concentrated to a volume of 3 ml with a Centriplusä concentrator device (Amicon). The purity of enzyme preparations was analysed by gel electrophoresis and spectral analysis. For all analysed OAS-TL isoforms only single bands were detectable after Coomassie staining and the ratios at 280 and 412 nm were below 2.5. Protein content was measured by the method of Bradford (1976) and SDS-PAGE performed as previously described in Laemmli (1970) .
Enzyme assays
OAS-TL activity was measured by following cysteine formation in a volume of 0.1 ml containing 100 mM HEPES-NaOH pH 7.5, 2.5 mM DTT, 10 mM OAS, and 5 mM Na 2 S as standard conditions. The reaction, initiated by the addition of OAS, was incubated for 5 min or 10 min at 25 8C and terminated by adding 50 ll of 20% (w/v) tri-chlorineacetic acid followed by centrifugation at 12 500 g. For determination of K m values OAS and Na 2 S concentrations were varied from 0 to 10 or 5 mM, respectively. Since quantification of cysteine using the method described by Gaitonde (1967) was not sensitive enough to determine product formation at low substrate concentrations (Schmidt, 1990) , especially for sulphide, cysteine was quantified after derivatization with the fluorescent dye monobromobimane (Thiolyte, Calbiochem). The OAS-TL concentration in the assay was kept at 0.1-0.5 ng in 0.1 ml assay to ensure excess of substrate over enzyme even at low substrate concentrations. Depending on cysteine formation in the assay, 10 ll or 50 ll of assay supernatant was reduced at room temperature for 60 min in a total volume of 0.27 ml containing 134 mM TRIS-HCl pH 8.3, 1 mM DTT. Afterwards thiols were derivatized for 15 min by adding 0.03 ml monobromobimane to a final concentration of 3 mM, representing more than 2.5-fold excess above the total thiol concentration. The resulting monobromobimane derivatives were stabilized by the addition of 0.7 ml 5% acetic acid and detected by fluorescence (Fluorometer RF 551, Shimadzu) at 480 nm after excitation of the adduct at 380 nm after separation. Separation of the bimane derivative was carried out by reverse-phase HPLC (Waters 600E Multisolvent Delivery system, Autosampler 717plus) connected to a Nova-Pak C18 4.63250 mm column (pore size 4 lm). Cysteine was separated from substrates of OAS-TL by applying an isocratic flow (1.3 ml min ÿ1 ) of buffer A (100 mM potassium acetate pH 5.5, 9% methanol) for 12.5 min. Subsequently, the column matrix was washed with 100% methanol for 3 min and re-equilibrated for 8.5 min in buffer A. Data acquisition and processing was performed with Millenium 32 software (Waters, USA).
Spectroscopic methods and kinetic analysis
Absorption spectras of OAS-TL isoforms were recorded in a UVI-KON XL spectrophotometer (Goebel). Various concentrations of OAS-TLs (3-50 lM) were titrated with OAS (0-1000 lM) by addition of 1 ll adjusted OAS solutions in a total volume of 1 ml. Data sets from spectroscopic and enzymatic assays were plotted and fitted using the enzymatic kinetics module of SigmaPlot 2001. Michaelis constants (K m ) were calculated from non-linear regression using Michaelis-Menten equation
and potential co-operativity was analysed by the Hill equation
as described in Segel (1993) . In these equations v represents the reaction rate, V max the apparent maximal activity at substrate saturation, K m the apparent substrate concentration constant, and h the Hill constant calculated from the rate (v) versus total substrate concentration. The obtained fits and Gaussian distribution of data points were statistically analysed with SigmaStat 3.0 (SPSS Science).
Analysis of sulphur deficiency in vivo
Heterotrophic A. thaliana cell suspensions cultures were grown in 0.3 l Erlenmeyer flasks at 90 rpm and 24 8C in the dark. 1 g of cells were used to inoculate 50 ml 13 MS medium pH 5.7 (Murashige and Skoog, 1962) supplemented with 0.1 g l ÿ1 ampicillin. To analyse the impact of sulphur deficiency, cells were transferred after 4 d to sulphur-deficient or sulphur-containing MS medium. Sulphur-deficient medium was produced by replacing sulphate (1.5 mM) containing MS-salts with their corresponding chloride salts. Samples were taken up to 3 d after transfer and analysed for protein content, metabolites, and mRNA of sulphate transporter (Sultr 2;1; AB003591, Takahashi et al., 2000) . Metabolites were extracted with 1 ml 0.1 M HCl using 0.1 g fresh weight of cells. Thiols were measured after derivatization with monobromobimane as described above, while OAS was quantified using the AccQ-Tag fluorescence dye (Waters) after separation by reversed-phase HPLC on a Nova-Pak C18 3.93150 mm column (pore size 4 lm). The column was equilibrated with buffer A (140 mM sodium acetate pH 6.3, 7 mM triethanolamine) at a flow rate of 1 ml min ÿ1 and heated at 37 8C. Pure acetonitrile serves as buffer B. The gradient was produced by the following concentration changes: 1 min 1% B, 27 min 5% B, 28.5 min 9% B, 44.5 min 18% B, 47.5 min 60% B, hold for 3 min, and return to 0% B in 1 min. Chromatograms were recorded and processed with the Millenium 32 software. For quantification of Sultr 2;1 mRNA levels total mRNA was extracted according to Logemann et al. (1987) and transferred to nylon membranes by capillary transfer (Sambrook et al., 1989) . Specific probes for Sultr 2;1 were labelled with a-32 P-dATP as described by Feinberg and Vogelstein (1983) using the Megaprime DNA Labelling System (Amersham).
Results
Purification of three OAS-TL isoforms from Arabidopsis thaliana
The cDNAs encoding the major OAS-TL isoforms of the three plant cell compartments containing cysteine biosynthetic capacity, OAS-TL A, B, and C, were cloned into the expression vector pET3d and over-expressed in E. coli. Only the mature polypeptides without any fusion tags were produced to allow analysis of native proteins with correct enzymatic properties. Expression levels of all three OASTLs reached about 10% of total soluble protein in their hosts. Since the recombinant proteins lacked purification tags, they were purified to apparent homogeneity using a modified chromatography protocol of Rolland et al. (1996) that had been developed for the recombinant plastid OAS-TL from spinach leaves. OAS-TL C was apparently pure after ammonium sulphate fractionation, anion exchange chromatography, and Green A affinity chromatography, whereas an additional hydrophobic interaction chromatography step was required to isolate OAS-TL A and B. Purity and molecular mass were determined by SDS-PAGE (Fig. 2 ) and found to be in agreement with the molecular masses of the three proteins calculated from the cDNAs. The bacterial OASTLs, encoded either from the cysK or cysM gene, should not be expressed to a significant level, since according to work by Kredich (1996) the cys-regulon is completely suppressed in full media containing reduced sulphur sources. Furthermore, the predicted molecular weight of the bacterial OAS-TL is slightly different from the three Arabidopsis OAS-TLs used in this study and no contaminating bacterial OAS-TL band was visible in Coomassie stained SDS-PAGE gels loaded with up to 5 mg of pure protein per lane (data not shown), although the varying apparent molecular weights of OAS-TL A, B, and C should easily allow the recognition of any bacterial OAS-TL band. An additional index for purity of pyridoxal phosphate-containing enzymes is the ratio of the absorbance peaks at 280 nm and 412 nm, caused by the Schiff base of the e-amino group of protein lysine and the pyridoxal phosphate cofactor . At pH 7.5 the A 280 /A 412 ratios of all three OAS-TL isoforms were below 2.5, indicating the highest degree of purity reported for OAS-TLs so far. As expected from the high expression levels of the recombinant OAS-TLs in HMS174 (DE3) bacteria, the specific activities of OAS-TLs increased only 10-20-fold during purification. The yield after purification was approximately 80% for each OAS-TL isoenzyme, giving rise to about 10 mg pure protein from 1.0 l of bacterial culture. The three OAS-TL isoenzymes were independently overexpressed and purified three times to verify the purification procedure with respect to enzyme stability and kinetic behaviour. The specific activities of the purified cytosolic and in-organelles-located isoforms differed significantly: OAS-TL B and C exhibited specific activities of approximately 550 lmol min ÿ1 mg
ÿ1
, whereas the OAS-TL A activity was 1.6-fold higher (Table 1) .
Substrate conversion of the three compartment-specific Arabidopsis OAS-TLs
The purified enzymes were subjected to a detailed analysis of substrate reaction kinetics. Initially the widely used Gaitonde test (Gaitonde, 1967; Schmidt, 1990 ) was used to determine the Michaelis-Menten constants for the free diffusible substrate, sulphide. This test is based on the spectrophotometric detection of a pink complex that is formed between cysteine and ninhydrin solution prepared at acidic pH (Gaitonde, 1967) . Using assay conditions described in several studies on plant OAS-TLs (Rolland et al., 1996; Schmidt, 1990; Warrilow and Hawkesford, 1998) , nearly identical K m values and positive co-operativity for sulphide binding for the three OAS-TLs with statistically unlikely exactness were determined, when the highly active OAS-TL preparations of this study were applied. A close inspection of data statistics and assay conditions revealed that the enzyme concentrations used in the assay volumes were 50 ng OAS-TL in 0.1 ml assay volume. This was equivalent to 14 nM OAS-TL (=1.4 pmol in 0.1 ml assay) and at low sulphide concentrations such as 0.5 lM (=50 pmol sulphide 0.1 ml ÿ1 ) had completely consumed the substrate sulphide. This produced exactly linear ratios of sulphide concentration to apparent specific reaction rate of lmol cysteine min ÿ1 , but in fact only the ratio between mol sulphide applied and mol cysteine obtained had been determined (data not shown). In the case of the Arabidopsis OAS-TLs it was not possible to use lower enzyme concentrations to obtain below-K m data, because the Gaitonde test proved to be too insensitive.
Therefore, a HPLC method based on derivatization of the thiol group of cysteine by monobromobimane and formation of a fluorescent adduct was applied. Using this method, detection of the fluorescent cysteine adduct allowed quantification of 1 pmol of cysteine. In addition, the activities of the three OAS-TLs could be performed with 3 fmol OAS-TL protein in 0.1 ml assay volume (30 pM) and with 0.5 lM sulphide (Fig. 3) . Thus, under these conditions, enzyme concentrations were negligible compared with all substrate concentrations of sulphide as required by reaction kinetic equations. Remarkably, even at the lowest sulphide concentration of 0.5 lM, the OAS-TLs were able to convert the entire sulphide quantitatively into cysteine, indicating that no backward reaction took place under these conditions (data not shown). Data sets for the response of enzyme activities to substrate concentrations were critically analysed using the Michaelis-Menten and the Hill equations. The cytosolic as well as the organelle-located A. thaliana OASTLs showed typical Michaelis-Menten behaviour with respect to sulphide and OAS, when the highly sensitive fluorescence-coupled separation of the cysteine adduct by HPLC was applied. The best fits of data sets using the Hill equation resulted in Hill constants (h) of about 1 (Table 1) . Values down to 0.75 were not considered as significantly different from 1 because in these cases R 2 values were identical when Hill and Michaelis-Menten fits were applied to the primary data. This indicated that binding of substrate to one site of the OAS-TL dimers neither positively (h>1) nor negatively (h<1) affected binding of substrate to the second binding site of the dimer. These results were verified by graphic analyses of data sets using Eadie-Hofstee plots (Fig. 3) , revealing linear relationships of activities versus activity/substrate ratios as expected for Michaelis-Menten kinetics. The K sulphide m of cytosolic OAS-TL A was 5.66 0.6 lM, while the organelle isoforms OAS-TL B and C showed slightly lower K sulphide m values of 3 lM and 4.6 lM, respectively ( Table 1) . The K OAS m values differed between 0.31 mM and 0.69 mM and showed similar relationships when cytosolic and organelle isoforms were compared (Table 1) . Most notably, the affinities of the A. thaliana OAS-TLs for sulphide were 10-100 times higher than reported for plant OAS-TLs so far, possibly because the micromolar sulphide concentrations had been underestimated due to insensitive detection methods.
Binding affinity of OAS-TLs for OAS
The amino acid metabolite OAS exclusively occurs as part of sulphur metabolism, but there it potentially carries out three functions: intermediate substrate of cysteine biosynthesis, effector for cysteine synthase complex dissociation, and trigger for the induction of sulphur-related genes . At least the first two functions imply binding Substrate saturation experiments were performed with OAS-TL isoform A (cytosolic), B (plastidial) and C (mitochondrial), from A. thaliana. The Michaelis-Menten (M-M) and the Hill equation were used to analyse the data shown in Fig. 3 of OAS to OAS-TL. The binding affinity of OAS at the substrate binding site was determined using spectral analysis. Defined concentrations of OAS-TL A were incubated at room temperature with 1 lM increments OAS of concentrations (Fig. 4) . Sulphide had to be omitted in order to avoid rapid formation of cysteine, thereby causing a decline of OAS concentrations in the solution. Detection of OAS binding to pyridoxal phosphate is based on an absorbance shift from 412 to 460 nm in prokaryotic and eukaryotic OAS-TL proteins Droux et al., 1998) , due to the formation of a a-aminoacrylate intermediate and concomitant release of acetate (Cook and Wedding, 1976) . The stepwise addition of OAS (up to 1 mM) to concentrated OAS-TL A solutions resulted in an a-aminocrylate-based shift of the same amount of OAS-TL. Indeed all the OAS added bound to OAS-TL down to 3 lM OAS-TL protein. Below this concentration the absorption shift was too small for accurate quantification. Sulphide alone did not change the absorbance spectra up to concentrations of 5 mM. OAS-TL B and C were subjected to the same analysis and behaved in the same manner (data not shown). It is concluded that the binding affinities of the A. thaliana OAS-TL proteins for OAS must be lower than 3 lM, most probably even below 1 lM. Fig. 3 . Response of O-acetylserine (thiol) lyase activity to increasing substrate concentrations. Assays were performed in the presence of 0.7-1.35 fmol enzyme, to ensure a large excess of substrate over enzyme, even at low substrate concentrations. Filled circles represent the arithmetic mean of nine independent OAS-TL activity measurements, consisting of three independently purified OAS-TL preparations for each isoform with three repeated kinetic measurements. The best fit using the Michaelis-Menten equation is displayed as a solid line. For determination of Michaelis constants OAS (left side) and sulphide (right side) concentrations were varied from 0 to 10 mM and from 0 to 250 lM, respectively. The upper graphics represent the velocity against substrate plots for OAS-TL A. The corresponding Eadie-Hofstee plots for OAS-TL A, B, and C are displayed in the three lower diagrams. The linearity of the Eadie-Hofstee plots confirms that the OAS-TL reactions follow a typical Michaelis-Menten kinetic.
Substrate specificity of OAS-TL for the dissociation states of sulphide
The intracellular concentrations of free sulphide are generally assumed to be very low due to the potential toxicity of the molecule. These concentrations are subjected to the pHdependent equilibrium between H 2 S, HS ÿ and S 2ÿ , but except for one report from S. typhimurium (Tai et al., 1995) , the nature of the sulphide substrate of OAS-TL was unknown. Since the proton concentration of chloroplasts changes during photosynthesis, the preference of the plastid OAS-TL isoform B was tested for different dissociation states of sulphide. OAS-TL activities at sulphide-limiting (4 lM) and sulphide-saturating (400 lM) concentrations were measured in the presence of different proton concentrations (pH 7, 7.5, and 8.5). Saturating OAS concentrations were guaranteed, taking the pH-dependent chemical conversion of OAS to NAS into account. The conversion rate for this reaction at pH 7.6 is 1% min ÿ1 (Flavin and Slaughter, 1965) , allowing a maximum transition of 5% OAS to NAS during the incubation period at standard assay conditions. The enzymatic activity at pH 7.5 was defined as 100% for sulphide-limiting and sulphide-saturating concentrations. At sulphide-saturating concentrations the difference in OAS-TL activity between different proton concentrations reflected the pH dependence of the enzyme, which is caused by the protonation state of internal amino acids (Fig. 5A, grey bars) . However, at sulphide-limiting concentrations the enzymatic activity at different pH values was also dependent on the availability of the preferred dissociation state of sulphide (Fig. 5A, black bars) . Therefore, the difference in enzyme activity between saturating and limiting sulphide concentrations caused by a pH shift (parentheses in Fig 5A) reflected the availability of the preferred dissociation state of sulphide. This relationship was illustrated by comparison with OAS-TL B activities between pH 7.5 and pH 7. At pH 7 and saturating sulphide the activity was 21% lower compared with pH 7.5, but in the presence of limiting sulphide (4 lM) the activity dropped by an additional 22%. Since at pH 7.0 more H 2 S (118%), but 31% less HS ÿ and 83% less S Activities at pH 7.5 were set as 100% for each sulphide concentration to facilitate activity and dissociation state comparisons. Alteration of activities caused by pH shifts from pH 7.5 to pH 7 (1) or pH 8.5 (2) at sulphide-saturating and sulphide-limiting conditions differed significantly (asterisk; n=12 independent tests). (B) The abundance of the three dissociation states of sulphide, H 2 S, HS ÿ , and S 2-, strongly depends on the prevailing pH. The increase or decrease of H 2 S and S 2ÿ at pH 7.0 and 8.5 are expressed in% relative to pH 7.5. Comparison of changes of sulphide dissociation state and OAS-TL activity allowed the identification of HS ÿ as the preferred substrate form.
were present compared with the assay at pH 7.5 (Fig. 5B) , the observed extra loss of 22% of OAS-TL activity can only be attributed to HS ÿ as the preferred substrate state. This finding is confirmed by analysis of the differential activity increase at alkaline pH. Thus, the preferred sulphide state of OAS-TL B was HS ÿ , the dissociation form with the least changes in abundance within the pH shift of illuminated chloroplasts (pH 7-8.5).
Consequences of short-term sulphur deprivation in A. thaliana cell suspension cultures
The strong dependency of OAS-TL activity for sulphide and OAS concentration prompted an investigation of the abundance of OAS in sulphate-depleted plant cells. A heterotrophic cell suspension culture from A. thaliana was characterized after transfer from sulphate-containing growth medium (1.5 mM) to medium without sulphur for 72 h. The growth rate and relative protein contents began to decrease between 12 h and 24 h after transfer compared with the control cells on fresh sulphate-containing medium (Fig. 6A, B) . This immediate decline corresponded with the absence of detectable acid-soluble sulphate in the sulphatesufficient as well as in the sulphate-deficient cells (data not shown), indicating that no sulphur was stored, for example, as sulphate in vacuoles, during the exponential growth of these cell cultures. The limit of detection of the HPLC method with the conductivity monitor was approximately 0.1 lmol sulphate mg ÿ1 fresh weight. Within 24 h the major free thiols, glutathione and cysteine, reached minimal levels (<10% of control). They were maintained over 72 h, OAS concentrations were quantified after derivatization with the fluorescence dye AccQ-Tag and reverse-phase HPLC (C). The identity of the OAS-AccQ derivative (F, arrow) was confirmed by spiking OAS and shifting OAS to NAS at alkaline condition (F). As a marker of sulphate starvation the mRNA levels of Sultr2;1 (At5g10180) were analysed by northern blotting and compared with ethidium bromide stained 18S rRNA as a loading control (G).
suggesting that these thiol concentrations were essential for survival of the cells (Fig. 6D, E) .
To the best of current knowledge the response of OAS concentrations to short-term sulphur deprivation was analysed for the first time. The quantification of OAS was highly reproducible and sensitive, using a newly established fluorescence derivatization method based on AccQTag (Waters) with subsequent separation by HPLC. The increase in fluorescence of the OAS-AccQ derivative was strictly linear to the amount of OAS with a regression coefficient of this fit of higher than R 2 =0.999. The high fluorescence efficiency of the OAS-AccQ derivative allowed the detection of 1 pmol OAS on the column, whereas NAS was not detected at all, probably due to the steric position of the secondary amine (data not shown). The proof of identity of the OAS-AccQ derivative from cell extracts was demonstrated by (1) spiking of OAS to samples and (2) shifting OAS to NAS at alkaline pH, resulting in the complete disappearance of the OAS peak in the elution profile (Fig. 6F ), similar to observations by Droux (2003) using o-phthaldialdehyde for derivatization. Identical treatment of OAS standards and their 100% recovery due to the millisecond reaction of AccQ with most primary amines indicated that neither significant levels of NAS are present in the A. thaliana cells nor produced as an extraction artefact. In fact, the rate of OAS conversion to NAS is only 1% min ÿ1 at pH 7.6 and above (Flavin and Slaughter, 1965) . The recovery rate for OAS in the cell suspension cultures was found to be higher than 94% in all experiments.
The application of this new method revealed the rapid accumulation of OAS, presumably as a consequence of sulphide deficiency. Within 8-16 h after transfer to sulphate-limiting conditions, OAS increased significantly and continued to rise during the following time, while OAS concentrations in control cells with sufficient sulphate remained unaltered at 33.369.5 nmol OAS g ÿ1 fresh weight (Fig. 6C) . The otherwise leaf-specific gene of sulphate transporter Sultr2;1 (At5g10180; Takahashi et al., 2000) was repressed at sulphate-sufficient conditions in suspension cells, but was expressed as early as 8 h after transfer to medium without sulphate (Fig. 6G) . Since depletion of thiols and the increase of OAS occurred simultaneously at the time resolution of this experiment, it was not possible to deduce whether expression of Sultr2;1 was caused by loss of repression by thiols or induction because of increased OAS concentrations. However, the results document that rapid changes in OAS concentrations can occur in vivo and that these are closely correlated with reactions of plant cells to sulphur deprivation.
Discussion
The three major OAS-TLs from cytosol, plastids, and mitochondria of A. thaliana have been characterized to address some of the open questions regarding the regulation of cysteine synthesis. Recombinant proteins were expressed in E. coli to circumvent the problem of contamination by other OAS-TL isoforms that is inherent in purification from plant material. Full-length OAS-TL A and in case of plastid and mitochondrial OAS-TL B and C, mature proteins, were expressed without any fusion parts to avoid any disturbance of the structurally important N-and C-termini. The three proteins were purified to apparent homogeneity at high yield (c. 80%) using several chromatographic steps. Addition of pyridoxine to the growth medium helped to ensure proper assembly of functional homodimer as indicated by the low A 280 /A 412 ratios. Most importantly, the specific activities of the purified proteins of 550-900 lmol min ÿ1 mg ÿ1 are comparable to the best values of native OAS-TL preparations from bacteria and plants (Table 2) , indicating highly functional enzymes. With a HPLC-based detection system for cysteine instead of the less sensitive Gaitonde system (Gaitonde, 1967; Schmidt, 1990) it became possible to quantify product formation with as little as 3 fmol of pure OAS-TL protein in a 100 ll reaction volume.
This combination of highly active enzyme protein and sensitive assay procedure was used to determine the preferred dissociation state of sulphide as a substrate. Strictly controlled pH values and substrate concentrations under assay conditions suggested HS ÿ as the main, if not the only, substrate of OAS-TL. This finding is in agreement with the only known determination of the nature of the sulphide substrate. Analysis of pH studies within the catalytic centre of CysK from S. typhimurium also suggested HS ÿ as the true substrate (Tai et al., 1995) . This is supported by the detection of a binding site for a small anion, presumably HS ÿ , near the catalytic site on the OAS-TL structural model (Burkhard et al., 2000) . HS ÿ is the most abundant dissociation form found at the pH conditions of plastid, cytosol, and mitochondria, thus allowing efficient substrate availability if OAS-TL A and C show a sulphide form preference similar to OAS-TL B.
While extractable OAS-TL activities under saturating substrate conditions are generally about 500 times higher than that required for the in vivo rates of cysteine synthesis in plants (Schmidt and Jäger, 1992) , the low affinity towards sulphide has always remained unexplained (Table 2) . Sulphide concentrations in plants are not precisely known, but from isotopic exchange reactions normal concentrations in the micromolar range were concluded which would limit OAS-TL activities in vivo to a very low level (Schmidt and Jäger, 1992) . The K m values determined here were between 3.0 lM and 5.6 lM sulphide for the three isoforms and thus 10-100 times lower than any K sulphide m value reported so far for plant OAS-TLs (Table 1) . These values are in agreement with data for the S. typhimurium CysK enzyme that was analysed using a sensitive sulphide electrode (Tai et al., 1993) . Furthermore, the reaction dependency of the A. thaliana enzymes followed Michaelis-Menten kinetics and displayed neither positive nor negative co-operativity as suggested by other plant OAS-TL preparations (Table 2) , but again in agreement with CysK from S. typhimurium (Tai et al., 1993) . Thus, at comparable specific activities and substrate concentrations, similar kinetic protperties of free OAS-TL dimers from a bacterium and a plant were observed. Careful statistical analysis of data obtained using the Gaitonde test (Schmidt, 1990 ) and the new HPLC test for cysteine with the same enzyme preparations clearly demonstrated that positive co-operativity according to the Hillequation and low substrate affinity were a result of the insensitivity of the Gaitonde test at micromolar sulphide concentrations (data not shown). The Gaitonde test was only applicable at elevated concentrations of substrate and OAS-TL protein. This caused the complete consumption of sulphide in the assay, giving rise to apparently near-linear increases of initial reaction velocities at low sulphide concentrations. It should be noted in this context that application of the HPLC assay at OAS-TL protein concentrations as required for the Gaitonde test demonstrated the quantitative reaction of sulphide into cysteine, similar to experiments with chloroplast extracts (Brunold, 1990) . This underlines that the true affinity for sulphide is rather high and at the same time confirms that no backwards reaction of the synthesized cysteine took place under assay conditions. For reasons of comparison with other references, the affinities for sulphide reported in Table 1 refer to concentrations of S 2ÿ added to assay solutions with defined pH. At pH 7.5 of the standard assay used in this study the HS ÿ concentration is 79.2% of total sulphide and the calculated K m values were 4.4, 2.4, and 3.7 lM for OAS-TL A, B, and C, respectively. Half-maximal reaction velocities at these concentrations would correspond to the assumed sulphide levels in plant cells (Schmidt and Jäger, 1992) and enable the observed rates of cysteine synthesis. Consequently, sulphide concentrations would hardly limit cysteine synthesis rates under sufficient sulphate supply. In addition, elevation of free sulphide with potentially toxic consequences would be avoided, as would be feedback inhibition of sulphite reductase (von Arb and Brunold, 1985) Substrate affinities for OAS reported here were at the lower end of the range reported from plant and bacterial sources (Table 2) . It is interesting to compare these data with previously published K m values of the same recombinant OAS-TL isoforms from A. thaliana. Purified OAS-TL A, B, and C with a N-terminal histidine-tag showed 3-, 2.3-and 9.1-fold higher K OAS m ; respectively, at 25-450 times lower specific activities (Burandt et al., 2002) . Protein extracts from E. coli strains that expressed OAS-TL A, B, and C with a N-terminal fusion of 14 amino acids for stabilization displayed 1.8-, 2.6-, and 2.3-fold lower affinities for OAS at 3-4 times lower specific activities, even though there was strong protein background from the E. coli host (Jost et al., 2000) . Thus, amino terminal protein fusions seem to affect the properties of the enzymes as can be derived from the crystal structure of the bacterial counterpart CysK (Burkhard et al., 1998) . In summary, the homology of amino acid sequences over the entire protein and three-dimensional computer modelling, the similar kinetic properties, substrate affinities and preferences Table 2 . Kinetic constants and reaction mechanisms of OAS-TLs from pro-and eukaryotic species
The analysed OAS-TL proteins were either native or recombinant (*). Specific activities marked with two asterisks (**) were extracted from figures or recalculated to obtain the same units (lmol min ÿ1 mg ÿ1 ). A second catalytic site in the enzyme for one substrate is marked (***). Kinetic types of substrate conversion were equal when several isoforms were investigated. They were described by Michaelis-Menten (M-M) suggest that bacterial and plant OAS-TLs share more similarities than previously thought. OAS concentrations in plants range from 2 nmol g ÿ1 fresh weight in A. thaliana leaves to 120 nmol g ÿ1 fresh weight in cell cultures of tobacco at regular sulphate supply. Under prolonged sulphate deficiency several fold increases were reported for several plant species (see , for a review). When these data are considered, it is evident that OAS limits cysteine synthesis at regular sulphate supply rather than sulphide, unless subcellullar compartmentation provides elevated local availability of OAS. Mechanistically, reaction velocity is indeed dependent on OAS concentrations for the formation of the a-aminoacrylateenzyme intermediate (Woehl et al., 1996) . At the physiological level the assumption of OAS limitation for cysteine synthesis is supported by several independent experiments. (i) Transgenic tobacco plants with increased expression of OAS-TL in plastids only provide strongly elevated cysteine synthesis when isolated chloroplasts are fed with OAS, indicating sufficient availability of sulphide (Takahashi and Saito, 1996) . (ii) Overexpression of APS reductase in A. thaliana resulted in increased sulphide and, consequently, increased cysteine levels as well, but feeding of OAS was required to trigger elevated cysteine concentrations effectively (Tsakraklides et al., 2002) . (iii) When SAT was overexpressed in tobacco, potato, and A. thaliana plants to produce OAS, cysteine levels were strongly increased, indicating sufficient capacity of the sulphate assimilation pathway to provide sulphide (Blaszczyk et al., 1999; Harms et al., 2000; Noji and Saito, 2002; Wirtz and Hell, 2003) .
The K D of OAS-TL proteins for OAS (<3 lM) was found to be more than 100 times lower that the K m values. High binding affinity but slow reaction to cysteine, even at a saturating sulphide concentration, appears to be a contradiction. The resolution can be seen in the regulatory mechanism of the cysteine synthase complex (Hell and Hillebrand, 2001; Hell et al., 2002; . The OAStriggered equilibrium concentration of the complex between SAT and OAS-TL is about 50-80 lM OAS . To allow OAS-dependent reversible SAT/OAS-TL interaction and thereby adjustment of SAT activity to available sulphide, the free OAS-TL homodimers have to bind OAS at concentrations below complex dissociation. By contrast, catalysis has to depend on relatively high K OAS m of free OAS-TL as found here with K OAS m of >300 lM, because the function of the regulatory system of cysteine synthase complex and free OAS-TL depends on the limitation of cysteine synthesis by OAS. Only in this way can the activity of SAT, in turn controlled by the association state of the complex, control the flux rate and, at the same time, can the OAS and cysteine concentrations Droux, 2003) determine the equilibrium of the complex.
These three actions of OAS (binding, dissociation, catalysis) on the free and bound OAS-TL protein, respectively, are dependent on the ambient OAS concentrations in a given cellular compartment. Transfer of cell suspension cultures of A. thaliana showed an increase of total OAS from about 30 nmol to 400 nmol g ÿ1 fresh weight that was apparent as early as 8 h after transfer from sulphate-sufficient to sulphate-depleted growth media. Such concentrations would allow binding of OAS to OAS-TL as well as dissociation of the cysteine synthase complex, but would in any case control the rate of cysteine synthesis. It is concluded from these results that OAS-TL as part of the regulatory circuit of the cysteine synthase complex plays an integral role in the regulation of the rate of cysteine synthesis.
